Introduction: Spontaneously hypertensive rats are often used as a model of arterial hypertension in humans. Cardiomyocytic hypertrophy, focal myocytolysis and ventricular fibrosis are only a part of the alterations in the morphology of the myocardium observed in spontaneously hypertensive rats with the progression of hypertension. The present manuscript reviews our studies on spontaneously hypertensive rats, with focus on the microscopic changes in the myocardial architectonics and analysis of several morphometric parameters.
Introduction
Arterial hypertension has a profound effect on the morphology and function of the myocardium. It is often associated with increased morbidity from atherosclerotic disease, stroke and multiple other cardiovascular and cerebrovascular events 1 . Spontaneously hypertensive rats (SHR) are often used as a model of arterial hypertension in humans and allow researchers to study and modify the connection between hypertension as the initiating factor and alterations in myocardial morphology and function as a consequence to it [2] [3] [4] . Cardiomyocytic hypertrophy, focal myocytolysis and ventricular fibrosis are only a part of the alterations in the morphology of the myocardium observed in spontaneously hypertensive rats with the progression of hypertension. They, in turn, lead to impaired ventricular relaxation and decreased cardiac output 3, 5 . Several studies report an enlarged myocyte cross section, as well as an increase in the collagen content of the myocardium 6, 7 . They conclude that the remodeling of the left ventricle is a result of the concomitant presence of molecular, cellular, and biochemical events 9 .
Several studies have tried to assess the quantitative effect that hypertension exerts on the myocardium but most have been limited only to measurements of the cellular diameter or the cross-sectional area; some researchers have tried to measure the length of the cardiomyocyte [8] [9] [10] [11] . Bishop et al. 12 found that the diameter of cells from a papillary muscle in the left ventricle is longer than that of cells in the free wall in young SHR; this trend is reversed after the 21 st week (at age 5 months). Another study discovered that the cross-sectional area of subendocardial cardiomyocytes from normotensive rats is larger; conversely, under hypertensive conditions, subepicardial become larger than subendocardial cells 13 . The same study reported that the cellular length is longer in subepicardial cells than in subendocardial cells both in normotensive rats and SHR 13 .
The aim of the present article is to study spontaneously hypertensive rats, with focus on the microscopic changes in the myocardial architectonics and analysis of several morphometric parameters -thickness of the free wall (TFW) of the left and right ventricle; cross-sectional area (CSA) of the cardiomyocytes and of the cardiomyocytic nuclei and cardiomyocytic density. The parameters CSA of the cardiomyocytic nuclei and cardiomyocytic density were studied for the first time and no similarities were found in the literature.
Materials and methods
In the present study, we used histological material from the hearts of twelve male SHR distributed in two age groups, each containing six animals: one-month-old (young) and six-months-old (adult). We also used twelve male normotensive Wistar rats (WR) for the purpose of the morphometric analysis, which were also distributed in two age groups, each containing six animals: one-monthold (young) and six-months-old (adult). The body weight and heart weight of the animals are presented in Table 1 . All experiments were conducted with the approval of the University Committee on Animal Resources. The animals were anaesthetized with ether and cervical dislocation was performed. The hearts were removed from the chest cavity and were placed in physiological saline in order to rinse the blood in the cardiac cavities. After a short fixation in 10% neutral buffered formalin, a transverse section was performed through the middle of the heart along the coronary sulcus, a little below the level of the cardiac valves and parallel to the short axis of the heart, thus dividing it into two halves. The hearts were then placed again in 10% neutral buffered formalin for immersion fixation. Afterwards, they were fixed in paraffin blocks, from which we prepared 7 μm wide paraffin tissue slides. These slides represented a series of transverse cross-sections through the ventricles. Routine haematoxylin and eosin staining and Mallory's trichrome stain for specific visualization of collagen were conducted.
The morphometric analysis was performed on five slides from the heart of each animal. Quantitative data were obtained with a computerized system for image analysis NIS-Elements Advanced Research (Ver. 2.30). The areas of interest in each slide were first found on low magnifications (x100, x200), taking into account the respective age group. Afterwards, at magnification x400, we photographed an area of the myocardium, containing transversely cut cardiomyocytes, and a zone with a surface area of 0.04 mm 2 was marked. The borders of the cardiomyocytes within the zone were outlined. Afterwards, the following morphometric parameters were obtained automatically: thickness of the free wall of the left and right ventricle (μm); cross-sectional area of the cardiomyocytes (μm 
Results
The analysis of histological slides routinely stained with haematoxylin and eosin in the group of young SHR revealed a normal morphological appearance of the myocardium. The cardiomyocytes presented as eosinophilic cells, with well-expressed cross striations and one or two centrally positioned basophilic nuclei. The cells branched and formed a complex reticular network. Each individual cardiac muscle cell was enveloped by endomysium made up of thin connective tissue and perimysium with a relative abundance of capillaries and collagen fibers. We noted the presence of fibroblastic and fibrocytic nuclei, which appeared more flattened and more basophilic than the cardiomyocytic nuclei. On a transverse section, capillaries often presented as 'empty' oval structures; on a higher magnification, we sometimes noted a thickening of their
Age group
Body weight (g) Heart weight (g) 1-month-old SHR 79.6 ± 1.8 0.38 ± 0.01 1-month-old WR 88.3 ± 2.2 0.32 ± 0.02 6-month-old SHR 420.4 ± 3.1 1.70 ± 0.06 6-month-old WR 361.5 ± 2.8 1.35 ± 0.08 Table 1 . Mean body weight and heart weight of 1-and 6-monthold spontaneously hypertensive rats (SHR) and 1-and 6-month-old normotensive Wistar rats (WR).
wall marking the location of the nucleus of the endothelial cell ( Figure 1a ). In the group of 6-month-old SHR, this normal architectonics was significantly altered. We noted the narrowing of the 'empty' spaces, i.e. the lumens of the capillaries, which was interpreted as cardiomyocytic hypertrophy. Conversely, the connective tissue fibers were clearly visualized and presented as eosinophilic fascicles located among the cardiomyocytes, predominantly in the subendocardial and interstitial zone. The number of binucleate cardiomyocytes increased. We also described the phenomenon of focal myocytolysis -numerous cardiomyocytes appeared 'empty', i.e. had no nuclei and no cross striations and their cytoplasm was more eosinophilic.
Neutrophil infiltration was present, as well as pyknotic nuclei. These changes were better expressed in slides from the wall of the left ventricle, as opposed to the right ventricle, where the normal structure of the myocardium was relatively well preserved ( Figure 1b ).
Mallory's trichrome stain in 1-month-old SHR revealed an abundance of collagen fibers in the perivascular zones in the wall of the left ventricle (Figure 2a ). They were stained The thickness of the free wall of the left ventricle increased over 40% in the group of 6-month-old SHR from the respective value for the group of 1-month-old animals. That increase was even more expressed in the right ventricle, where the parameter increased 60%. In both groups, however, the parameter had much higher values in the left ventricle -almost 3 times in the group of young SHR and over 2.5 times in the group of adult SHR. The rate at which the TFW of the left ventricle increased in young (1-month-old) SHR was comparable to that in adult (6-month-old) normotensive WR. In the right ventricle, in the group of 1-month-old animals, the values in SHR and normotensive WR were comparable, while in adult animals, the value of the TFW in SHR was more than 2 times that in normotensive animals (Table 2; Figure 3 ).
The parameters cross-sectional area of the cardiomyocytes and cross-sectional area of their nuclei showed a similar increase in both age groups, both in SHR and normotensive WR. In 6-month-old SHR, compared to the group of 1-month-old animals, the value of the CSA of the cardiomyocytes increased roughly 2 times in the left ventricle and almost 3 times in the right ventricle. However, despite the increase being more significant in the right ventricle, the value of the parameter in the left ventricle of 1-month-old SHR was already 2 times higher than the value in the right ventricle of the same age group SHR intensively blue, had a complex spiral structure and formed a network, from which multiple fascicles extended into the interstitial space. In the wall of the right ventricle in this age group, collagen fibers were found almost exclusively in the perivascular zones, with only a small number of thin fibers present in the interstitial space (Figure 2b ). In the group of adult SHR, Mallory's trichrome stain in the left ventricle was dominated by blue colour. Collagen fibers were much thicker than in the group of young animals, had a complex spiral structure and stained intensively. They were present in the perivascular zone, extended into the interstitial space and occupied a bigger portion of it, surrounding individual cardiomyocytes (Figure 2c ). In the right ventricle, we noted a lot more collagen fibers in the interstitial space compared to the group of 1-month-old SHR. They were relatively thick, spiral-shaped but stained less intensively than those in the left ventricle and did not occupy that much of the interstitial space (Figure 2d ).
The analysis of the morphometric parameters gave a numerical representation of the degree of growth of the myocardium, the individual cardiomyocytes and their nuclei depending on the degree of afterload of the respective ventricle. For visual representation of the descriptive statistics and comparison of left with right ventricles, young with adult animals and SHR with WR box plot diagrams are used (Figures 3-6 ). and was 40% higher than the value in the right ventricle in the age group of 6-month-old SHR (Table 3 ; Figure 4 ). The parameter CSA of the cardiomyocytic nuclei revealed a similar pattern. We noted that the value in the left ventricle of 1-month-old SHR was comparable to that in both ventricles of a 6-month-old WR. The highest read value for this parameter was in the left ventricle of 6-month-old SHR, which was almost 2 times the value in the left ventricle of a 1-month-old SHR (Table 4; Figure 5 ).
Changes in the parameter cardiomyocytic density from both ventricles were inversely proportional to those observed for the CSA. In young SHR, the value was higher in the left as opposed to the right ventricle; however, at age 6 months, this tendency was reversed and the value in the right ventricle was more than 20% higher in the right as opposed to the left ventricle. The same trend was observed in normotensive WR. In each age group, for each ventricle, the parameter was always higher in normotensive WR. We noted that the parameter in cells from the left ventricle in 1-month-old SHR was not comparable to that in 6-monthold WR, being significantly higher. In the right ventricle, however, the parameter in the right ventricle of a 6-monthold WR was higher than the value in the right ventricle of a 1-month-old SHR (Table 5 ; Figure 6 ).
Discussion
The present study found an increase in the morphometric parameters TFW and CSA of the cardiomyocytes and their nuclei and a decrease in the parameter cardiomyocytic density. We also reported an increase in the collagen content of the myocardium in older animals, as well as presence of cardiomyocytic hypertrophy, focal myocytolysis, neutrophil infiltration and an increase in the number of binucleate cardiomyocytes.
Anversa et al. 14 reported that a significant loss of muscle Table 4 . Descriptive statistics for cross-sectional area of the cardiomyocytic nuclei in the left and right ventricle in spontaneously hypertensive rats (SHR) and corresponding values in normotensive Wistar rats (WR). Figure 5 . Box plots of cross-sectional area of the cardiomyocytic nuclei in the left and right ventricle for SHR and WR. SHR -spontaneously hypertensive rats; WR -Wistar rats; SE -standard error; SD -standard deviation. fibers was observed in both ventricles in normotensive rats. Our findings support those observations and further discover that age-related loss of cardiac muscle cells, assessed on the basis of the decrease in cardiomyocytic density with age is observed in SHR. Anversa et al. 14 also showed that cellular hyperplasia too constitutes a response of the myocardium to hypertension. Although these authors noted that cardiomyocytic loss in the two ventricles was comparable, cellular hyperplasia occurred at an accelerated rate in the left ventricle. Over the course of the studied 25-month interval, the muscle component increased 1.75 times in the right ventricle and 2.2 times in the left 14 . Our studies revealed that cardiomyocytic loss, ventricular fibrosis and compensatory hypertrophy of the remaining cardiomyocytes were less pronounced in the right ventricle. These differences arise from higher afterload experienced by the left ventricle under hypertensive conditions, which depletes its reserve capacity at a younger age.
Age group

SHR WR T-test
Literature data support the hypothesis that nuclear hyperplasia is accompanied by a similar increase in the number of cells 15, 16 . Our results revealed an increase in the parameter cross-sectional area of the cardiomyocytic nuclei both in SHR and normotensive WR, across all age groups; however, this increase was more pronounced in the groups of SHR. These findings were interpreted both as signs of nuclear hypertrophy, as well as possible nuclear hyperplasia, which was supported by our discovery of more binucleate cardiomyocytes in the group of adult animals as opposed to young SHR. In their study, Cury et al. 17 investigated the length of the sarcomeres and several morphometric parameters of the mitochondria and concluded that although no significant reduction in the mitochondrial volume was observed, the length of the sarcomeres increased and the results for the mitochondrial area were quite variable. These data also confirm that the alterations in the myocardial structure are not only present at the macroscopic level but also within the very ultrastructure of the cardiac muscle cell.
Over a period of 45 days after birth, in the left ventricle, the cellular volume in SHR increases by 151% which is achieved through an increase in the cross-sectional area by 77% and a total increase in the longitudinal size of the cardiomyocytic population by 42% 18 . In contrast, the mass of the cardiomyocytes in normotensive rats increases by 124% which is a result of an increase in the cross-sectional area by 47% and an increase in the longitudinal size of the cells by 53% 18 . Other studies have concluded that the progressive increase in the diameter and cross-sectional area in SHR represents a consequence of the continuous increase in the systemic arterial pressure 19, 20 . According to Wagner et al. 21 , the body weight in SHR and Wistar-Kyoto rats (WKY) at age 10-12 weeks was identical, however, the heart weight in SHR was 30% higher than that of WKY rats. These changes in the parameters may be interpreted as a compensatory mechanism of the myocardium at the cellular level, aimed at increasing the negative effects of the increased afterload under hypertensive conditions 2 . Our previous studies have shown that the myocardial response to increased stress includes ventricular remodeling with an accumulation of collagen and development of reactive fibrosis
22
, a specific location-targeted up-regulation of enzymes of the NOS group 5, 23, 24 and a decrease in the capillary density 25 .
The findings reported in the present manuscript represent a detailed analysis of changes in the myocardium in WR and SHR with age. Some of the morphometric parameters (CSA of the cardiomyocytic nuclei and cardiomyocytic density) have been studied for the first time in the literature. The present study provides a basis for better understanding of the morphological aspect of pathological processes and can be used as a reference point for similar studies in humans.
Conclusions
The values obtained for the studied morphometric parameters correspond to the development of cardiomyocytic hypertrophy (an increase in the TFW, CSA of the cardiomyocytes and their nuclei) as a response to focal myocytolysis (a decrease in the cardiomyocytic density). Apart from providing a numerical representation of these phenomena, they revealed the following trend: a more pronounced effect of hypertension on the left ventricle, with higher values for TFW and CSA and lower values for cardiomyocytic density in older animals; a steeper change in values, best reflected in the parameter cardiomyocytic density, which was higher in the right ventricle as opposed to the left ventricle in adult SHR. Further studies on the ultrastructure of cardiomyocytes and its pathological alterations can help in establishing more precise concepts for the treatment of arterial hypertension and other myocardial pathologies.
